The metJ193 allele encodes one of two identified temperature-sensitive Escherichia coli K-12 (34C). When 28°C cultures of strains bearing two metJl93 aDleles were transferred from methionine-containing medium to minimal medium, derepression of met regulon expression did not occur quickly enough to avoid a lag in growth due to the methionine deprivation. The inability of the MetJ193 protein to easily accomplish transition between apo-and active-repressor conformations was also demonstrated by using a maxicell system to study expression of a plasmid-borne copy of the E. coli metF transcription unit. These results confirm the importance of the leucine 56 residue for the structure and function in vivo of the wild-type MetJ protein.
In Escherichia coli and Salmonella typhimurium, methionine biosynthesis utilizes 7 of the 12 gene products produced by the 11 met regulon transcription units (1, 22, 26) . These transcription units are organized into eight genetic loci on each organism's chromosome. A negative regulatory system responsible for controlling expression of the met regulon is mediated by the metJ and metK genes which encode the regulon aporepressor and methionine adenosyltransferase (EC 2.5.1.6), respectively (9) . The MetK protein catalyzes the formation of the corepressor molecule S-adenosylmethionine (AdoMet). The active-repressor negatively controls met regulon transcription units in a simultaneous but noncoordinate manner (28) .
The metJ nucleotide sequence contains 106 codons which define a protein monomer with 104 amino acid residues (24) . In its native form, MetJ exists as a dimer with a molecular weight of 24,000 (31) . Each E. coli cell contains an estimated 600 copies of MetJ (23) . Recently, Rafferty et al. (21) reported the structures of wild-type MetJ crystals formed in the presence or absence of AdoMet. The MetJ protein conformation is not changed by the binding of two corepressor molecules. Both crystal structures depict compact molecules in which two monomers form intersubunit contacts along adjacent faces of equivalent amino acid a-helices (the B-a-helix) and associated n-strands. Purified MetJ has been used in vitro to study met regulon expression and DNA footprinting patterns. Together, these studies demonstrated that in the presence of AdoMet, MetJ inhibited met regulon DNA-directed RNA synthesis and exhibited DNA sequencespecific binding within the metJlmetBL, metC, and metF promoter regions (20, 29, 30) . The active MetJ dimer exhibits DNA sequence-specific binding to the consensus sequence * Corresponding author.
AGACGTCT, which is referred to as the Met-box (4, 20) .
The pertinent DNA sequences of the metA, metC, metF, and metJ/metBL promoter regions contain from two to five imperfect, tandem repeats of the Met-box consensus sequence (3, 4, 7, 18, 24, 25) . The homology of individual Met-box sequences varies significantly within and between met regulon elements (3, 4).
Recently we reported the isolation of the first temperaturesensitive metJ mutants (2) . In complete medium, strains with one of these mutations, metJ193, repressed chromosomal met regulon elements at the permissive temperature of 28°C but lost regulatory ability at the nonpermissive temperature of 34 or 42°C. When the metJ193 gene dosage was increased to two copies per chromosome, significant repression of both chromosomal and plasmid-borne met regulon elements occurred at the permissive temperature.
This article reports the nucleotide sequence of the metJ193 allele and describes an additional regulatory dysfunction of the MetJ193 protein: slow derepression of met regulon transcription units at the permissive temperature of 28°C. Nutritional downshift and maxicell experiments both provide evidence that the MetJ193 protein is aberrant in this respect. The kinetics of derepression of met regulon elements in the presence of the metJ193 allele were also measured in temperature upshift experiments. The implications of these results are discussed in terms of the identified mutational lesion. This point mutation alters an integral component of the hydrophobic pocket which is the in vitro binding site for AdoMet in the crystallized wild-type MetJ protein (21 MATERIALS AND METHODS Strains, media, and chemicals. Bacteria and bacteriophages are described in Table 1 . Luria-Bertani (LB) medium was used to propagate bacterial strains (19) , and LB-lambda medium (12) was used to grow host cells for lambda phage propagation. Davis and Mingioli (6) 4, 5 , and 6 h after downshift). The samples were prepared for enzyme assays as described previously (2, 10).
Growth of strains and preparation of maxicell samples.
Cultures of metJ+ or metJJ93, recombination-deficient (recA58 [16] ) strains bearing plasmid pEJ3-1B (Table 1) were grown at 28°C in DM medium containing dextrose, casamino acids, and appropriate antibiotics. Maxicell samples were prepared from these cultures by UV irradiation as described by Emmett and Johnson (8) . Before 14C-amino acids were used to label protein products, the exogenous methionine concentrations of these maxicell samples were manipulated as described in the Results (8 
RESULTS
Nucleotide sequence analysis of the metJl93 allele. The protocol of Manfioletti and Schneider (17) (24) were used as primers for sequencing reactions (Materials and Methods). The pJl primer was used to determine the complete sequence of the noncoding strand of the metJJ93 allele carried by both lambda pmetlOO[JJ93] isolates, and the pJ4 primer was used to sequence a portion of the metJ193 coding strand defining the protein's amino terminus plus part of the upstream sequence encoding the three metJ promoters (11) . The remainder of the metJ promoter sequence was determined by using the pJ3 primer.
Comparison of the metJJ93 and wild-type metJ (24) nucleotide sequences revealed a single point mutation, a T to A transversion, at the bp 170 of the metJJ93 open reading frame (Fig. 1) . This point mutation altered the 56th residue of the MetJ193 amino acid sequence, replacing leucine with glutamine ( Fig. 1) . No mutations were found in the promoter or operator sequences of the metJ193 allele (data not shown). Based upon the MetJ crystal structure, amino acid residues 52 to 66 form the B-a-helix which is important to the dimer structure of the protein and in the binding of AdoMet (21) .
Effects of a temperature upshift on cellular growth and expression of met regulon enzymes. At the permissive temperature, 28°C, cultures of JJ116, JJ117, and JJ117.2 (Table  1) were grown in DM medium supplemented with dextrose and methionine. Half of each mid-log-phase culture was shifted to the nonpermissive temperature, 34°C, and the growth of each was monitored (Materials and Methods) (Fig.  2, column A) . The specific activities of cystathionine-ysynthetase (metB) and P-cystathionase (metC) were measured in extracts prepared from samples taken at timed intervals following division of the cultures and the temperature upshift. Repressed levels of enzyme specific activity were observed in all the culture samples which were maintained at the permissive temperature (Fig. 2, columns B and C, open symbols). Between 0.5 and 2.0 h at 34°C, cultures of strains JJ117 (one metJ193 allele) and JJ117.2 (two metJ193 alleles) exhibited significant derepression of metB and metC expression (Fig. 2, columns B and C, solid symbols, JJ117 and JJ117.2 panels). Compared with the JJ117 34°C culture, lower specific activities of both enzymes were found in cell extracts prepared from the JJ117.2 34°C culture (Fig. 2,  columns B (Fig. 3, column A) . The specific activities of cystathionine--y-synthetase and j-cystathionase were measured for samples taken from each culture at timed intervals after nutritional downshift (Materials and Methods) (Fig. 3, columns B Derepression of cystathionine--y-synthetase specific activity was slightly slower in the nutritionally downshifted JJ117 culture (Fig. 3, column B, JJ117 panel) . During the first 3 h, only low levels of cystathionine--y-synthetase specific activity were found in cell extracts prepared from the nutritionally downshifted JJ117.2 culture, but during the 4.0 to 6.0 h following nutritional downshift of this culture, increased cystathionine--y-synthetase enzyme specific activity was observed (Fig. 3, column B, JJ117.2 panel) . For both strains JJ117 and JJ117.2, low levels of ,-cystathionase specific activities were present in the cell extracts prepared at any of the time points following the nutritional downshift (Fig. 3 , column C, JJ117 and JJ117.2 panels). However, prolonged growth of these strains in DM medium plus dextrose did result in higher 1-cystathionase specific activities (data not shown). For the four strains, the effects of the nutritional downshift on the specific activity of N5,Nl0-methylenetetrahydrofolate reductase (metF) were similar to those reported for cystathionine-y-synthetase (data not shown).
Test (2) .
From each culture, two UV-irradiated maxicell samples, one in DM medium containing dextrose plus antibiotics (-sample) and one in the same medium supplemented with exogenous methionine (+ sample), were prepared and incubated at 28°C (Materials and Methods). After 3.5 h, each sample was again subdivided into two portions which were incubated in medium unsupplemented or supplemented with exogenous methionine (-/-and +/-or -/+ and +/+ samples, respectively). After an additional 30 min at 28°C, 6 ,iCi of methionine-free 14C-amino acids was added to each sample. At 4.5 h after UV irradiation, the radiolabeled samples were processed and analyzed by SDS-PAGE as described in Materials and Methods. An autoradiogram prepared from the resulting electropherogram revealed that during the 30-min 14C-labeling period, gene product MetF synthesis was constitutive in the JJ122R(pEJ3-lB) +/-and -/-samples (Fig. 4, right panel, lanes 2 and 4) and repressed in the +/+ and -/+ samples (Fig. 4, right panel,   lanes 1 and 3) . The Commassie blue-stained electropherogram revealed that unlabeled gene product MetF was synthesized only in the JJ122R(pEJ3-lB) -/+ sample (Fig. 4,  both panels, lane 3) . Thus, the transitions of gene product MetJ between apo-and active repressor were reversible in 30 min or less. All the GB950.lR(pEJ3-lB) samples produced intense gene product MetF bands on both the electropherogram and autoradiogram (Fig. 4 , both panels, lanes 5 to 8) (2). The GB950.2R(pEJ3-lB) samples did not exhibit gene product MetF bands on the stained electropherogram (Fig.  4, left panel, lanes 9 to 12) , and only small amounts of gene product MetF were visible on the autoradiogram (Fig. 4,  right panel, lanes 9 to 12) . Therefore, in the absence of exogenous methionine, two gene doses of gene product MetJ193 repressed expression of a plasmid-borne metF allele throughout the labeling period, and in the presence or absence of exogenous methionine one gene dose of gene product MetJ193 could not regulate the plasmid-bome metF allele.
DISCUSSION
The recently reported crystal structure of the MetJ protein complex with AdoMet (21) provides a context for interpretation of the metJ193 mutation. The T to A transversion at the 170th base of the metJJ93 open reading frame converts the fifth amino acid residue of the B-a-helix (residues 52 to 66) from leucine to glutamine (Fig. 1) . This mutational lesion modifies one of the amino acid side chains (residue 56) which Rafferty et al. (21) reported constitute the hydrophobic pocket where in vitro binding of the AdoMet corepressor occurs (residues 70, 56, 59, 43, 63, 64', 61', and 65'). Visual inspection of the three-dimensional structure of the hydrophobic pocket suggests that there are several possible effects on the MetJ193 protein structure which could result from the glutamine 56 substitution. All of these proposed effects would occur due to the increased size and hydrogen-bonding capacity of the glutamine side chain. The described amino acid substitution might either directly affect corepressor binding via interactions with the purine ring of the AdoMet molecule or indirectly influence corepressor -binding via interactions with the side chains of other amino acid residues composing the hydrophobic pocket. The most probable candidates for the latter interactions are the arginine 43 and glutamate 59 residues, which respectively form hydrogen bonds with the N7 and N6 positions of the Adomet purine ring as it lies within the hydrophobic pocket (21) . Until in vitro binding studies have been completed, it is impossible to predict whether the glutamine substitution negatively or positively influences MetJ193 association with the corepressor.
The structure of the B-a-helix is proposed to be important for proper assembly and stability of the MetJ protein dimer (21) . The position of the mutational lesion within the Ba-helix (which is involved in intersubunit contacts in the wild-type protein dimer) obviously confers instability to the effects of temperature on the MetJ193 protein's repressor activity. The physical interactions underlying this instability are unknown, but the amino acid substitution could possibly decrease intersubunit hydrophobic interactions, thereby increasing the thermolability of the protein dimer (5, 21) .
The temperature upshift experiment revealed that a slow transition (approximately 30 min, Fig. 2 4) , GB950.lR(pEJ3-lB) (lanes 5 to 8), and GB950.2R(pEJ3-lB) (lanes 9 to 12) ( Table 1) were incubated in the presence or the absence of 200 FM methionine and methionine-free 14C amino acids as described in the text. Radiolabeled samples were processed and prepared for SDS-PAGE electrophoresis (2) . The left panel depicts portions of an 18% SDS-PAGE electropherogram stained with Coomassie blue (13) . The right panel represents the corresponding portions of an autoradiogram of the same electropherogram (14) . Lanes expression. However, the MetJ193 protein formed at 28°C may retain its function at 34°C. In the latter case, the observed derepression would require dilution of the functional 28°C repressor through cell growth and division at 34°C, where only defective MetJ193 protein would be produced. Alternatively, the MetJ193 protein may have similar structure at both 28 and 34°C but may interact differently with met regulon operators at the two temperatures.
Following the shift from 28 to 34°C, no effect of metJ193 gene dose on the kinetics of met regulon derepression occurred, but an effect on the level of derepression was observed (Fig. 2) . However, the nutritional downshift studies demonstrated that under appropriate conditions of gene dose, the MetJ193 protein does not allow derepression of met regulon expression to occur quickly enough to avoid a slowing of strain growth (Fig. 3) . This growth delay, or lag, is apparently due to methionine deprivation resulting from repression of met regulon expression. Recovery of growth coincides with derepression of met regulon elements, which suggests that the ability of the wild-type MetJ protein to move quickly between the active-repressor and aporepressor forms is extremely important for maintenance of a proper relationship between met regulon expression and cell growth requirements. The maxicell studies of the expression of an amplified plasmid-borne metF allele support both the increased repression effect of metJ193 gene dose on met regulon elements and the inability of the MetJ193 protein to accomplish transition between the apo-and active-repressor conformations as easily as the wild-type protein. The lesion found to exist in the metJ193 allele suggests that the growth defect results from the altered structure of the MetJ193 protein and not from an alteration in the promoter/operator region of the gene ( Fig. 1 and Results) .
In summary, our results confirm the importance of the recently described B-a-helix and the associated in vitro AdoMet-binding site regions to the in vivo function of the MetJ protein as the met regulon repressor. Current studies in our laboratory are investigating met regulon transcription patterns in the presence of the MetJ193 protein and the in vivo as well as in vitro recognition and interaction of this mutant protein with met regulon operator sequences.
